The in situ ring-opening polymerization of cyclic butylene terephthalate oligomers is a promising route to replace thermosetting polymers in composites and has become of great interest. CBT oligomers melt at low temperatures (120-160ºC) and exhibit a water-like viscosity prior to polymerization. Due to this very low initial viscosity, fiber reinforcements can be readily impregnated. After impregnation, the molten CBT oligomers quickly polymerize in an entropically driven, athermal ring-opening polymerization (ROP) without releasing volatile organic compounds. This process yields pCBT, a thermoplastic polyester with high molecular weight [1] [2] [3] . So far, continuous fiber reinforced composites made from CBT and glass fibers [3] [4] [5] [6] [7] [8] , basalt fibers [9] , and carbon fibers [10] [11] [12] [13] have been reported. Moreover, a hydrogenated nitrile rubber (HNBR) was modified with CBT and the HNBR/CBT hybrids exhibited improved mechanical and triblogical properties compared to pristine HNBR [14] . CBT has also been extensively used in nanocomposites due to the low melt viscosity prior to ROP which is advantageous for a good dispersion of the reinforcement. Nanocomposites with nanosilica [15], multiwalled carbon nanotubes [16] [17] [18] [19] Abstract. Cyclic butylene terephthalate oligomers (CBT) were reacted in a ring-opening polymerization with three types of isocyanates: a bifunctional aromatic type, a bifunctional aliphatic type and a polymeric aromatic isocyanate. All reactions took place in a batch mixer. The use of 0.5 to 1 wt% isocyanate led to a dramatic increase in elongation at break of polymerized cyclic butylene terephthalate (pCBT), from 8 to above 100%. The stiffness and strength of the modified pCBT, however, were found to slightly decrease. Proton nuclear magnetic resonance (NMR) analysis shows that the formation of thermally stable amide groups is the dominant chain extension reaction mechanism. Gel content measurements suggest a linear structure for samples containing bifunctional isocyanates while pCBT modified with polyfunctional isocyanate exhibited some gel formation at higher isocyanate content. Melting and crystallization temperatures as well as degree of crystallinity were found to decrease with increasing isocyanate content. No phase separation was detected by scanning electron microscopy (SEM) analysis. Moreover, a high degree of polymerization is deduced due to the absence of CBT oligomer crystals.
in improved thermomechanical properties [15, 17, 20, 21] and better thermal stability [18, 20, 24] . However, pCBT was found to be brittle [4, 5, 7, 9, 13, 25] . This brittleness is caused by the formation of large perfect crystals with a lack of intercrystalline tie molecules [3, 13, 26] . Another reason for brittleness is a low molecular weight, which can be caused by hydrolysis if moisture is present during the ROP. Moreover, water can negatively affect the catalyst, which also leads to a lower molecular weight [9, 27] . Several researchers have addressed this problem by copolymerizing CBT with poly (ethylene-co-vinyl acetate) [28] , poly(vinyl butyral) [29] , !-caprolactone [30] and polycaprolactone [4, 31] . This leads to a decreased crystallinity with less perfect crystals and an increased elongation at break together with a deep decrement of other relevant mechanical properties such as stiffness and strength. Recently, we showed that reactive chain extension of pCBT with a bifunctional epoxy resin is a useful way to increase the molecular weight and to toughen pCBT without considerably affecting other properties [25] . The bifunctional epoxide groups react with the terminal carboxyl groups of two or more pCBT chains, increasing molecular weight and causing an improvement in toughness. However, the chain extension reaction of pCBT and epoxy resin is rather slow and requires high reaction temperatures. Additionally, it can result in considerable gel formation when there is an excess of epoxy resin. Therefore an addition-type chain extender with no by-products, higher reactivity and capable of yielding a linear macromolecular structure is desirable. Of the available groups of chain extenders for polyesters, isocyanates (NCO) are promising. They show higher reactivity than epoxides and readily react at moderate temperatures with active hydrogen containing compounds [27, 32, 33] . The reaction can be promoted by metals in the form of organometallics and/or salts of organic acids. Tin compounds such as dibutyl tin dilaurate and tin (II) octoate are particularly effective, so the reaction can even be conducted at room temperature [34, 35] . This high reactivity and versatility make isocyanates an important group of chemicals and they are used as building blocks, e.g. as hard segments in polyurethane chemistry. Linear, branched and crosslinked structures can be obtained with isocyanates, depending on functionality and stoichiometry. Isocyanates can be used as compatibilizers for partially miscible polymer blends [36] as well as chain extenders or toughening agents to improve the properties; particularly the toughness of recycled poly(ethylene terephthalate) [33, 36] , polylactide [37] , and poly(butylene terephthalate) [38] . These properties render isocyanates a useful group of chain extender and toughening agents for pCBT. To the best of our knowledge, there has been no publication on this subject. In the present work we have studied the role of different isocyanates on the ring-opening polymerization and the properties of CBT. The resultant structure and properties have been analyzed and discussed.
Experimental section 2.1. Materials
Cyclic butylene terephthalate oligomers were used in this study, namely one-component CBT 160 ® , containing butylchlorotin dihydroxide as a catalyst and were provided in granule form from Cyclics Europe GmbH (Schwarzheide, Germany). The CBT was ground into a fine powder using a mortar and pestle. Three different types of isocyanates were used; their chemical structures are depicted in Figure 1 . Hexamethylene diisocyanate (referred to as HDI) is a liquid aliphatic diisocyanate and 4,4"-methylenebis(phenyl isocyanate) (referred to as MDI) is a solid aromatic diisocyanate. Both types were analytical grades from Sigma-Aldrich and used as received. A polymeric methylene diphenyl diiso- cyanate (referred to as PMDI) was purchased from BASF Poliuretanos Iberia S.A., Rubí, Spain and used as received. The PMDI is a brown, viscous liquid of grade IsoPMDI 92410. According to the material data sheet the PMDI was based on 4,4"-methylenebis(phenyl isocyanate) and contained oligomers with an average functionality of ~2.7 and a NCO content of 31.8%.
Sample preparation
CBT and the corresponding amount of each isocyanate (0.25, 0.5, 0.75 and 1 wt%) were blended using mortar and pestle and vacuum dried at 80°C for 8 h. The blends were stored in a desiccator over silica gel prior to in-situ polymerization and simultaneous reactive blending in a batch mixer. After polymerization the polymer was collected, ground into granules and vacuum dried at 80°C for 8 h. An IQAP LAP PL-15 hot plate press was used to compression mould the dried granules at 250°C for 5 min between two PTFE films in ambient atmosphere. The samples were then rapidly cooled to room temperature in the cold stage of the press. The resulting pCBT/NCO films had dimensions of ca. 150#$ 150#$ 0.5 mm 3 and were used to extract samples for further characterization. Neat CBT was equally processed for comparison.
Characterization 2.3.1. Torque versus time measurements
The CBT/NCO blends were in-situ polymerized in a Brabender Plasti-Corder W50EHT (Duisburg, Germany), equipped with a torque measuring system. Around 40 g of the CBT/NCO blends were polymerized in the mixing chamber of the Brabender batch mixer at 230°C and 60 min -1 rotor speed under a blanket of nitrogen to minimize hydrolysis. The preheated mixing chamber was purged with nitrogen for 5 min and the predried CBT/NCO blend was introduced. Then the nitrogen blanket was introduced again and after a predetermined time the mixing was stopped. The material was collected from the mixing chamber and allowed to cool to room temperature.
Gel content
The insoluble content of the isocyanate-modified pCBT samples was determined by dissolving around 50 mg of sample in 5 mL of a mixture of CHCl 3 / TFA (9/1) at ambient temperature with agitation for 30 min. The solution was subsequently centrifuged and the soluble part was removed. The insoluble fraction was washed with 5 mL of the same solvent mixture two additional times and finally with CHCl 3 . It was then dried in an oven at 80°C for 12 h and weighted. The gel content was calculated by insoluble fraction weight over sample weight expressed in percent.
Nuclear magnetic resonance spectroscopy
(NMR) Proton NMR spectroscopy was used to determine the chemical structures of the NCO-modified pCBT samples. Spectra were collected on a Bruker AMX-300 spectrometer operated at 300.1 MHz at 363.1 K. Sample concentrations were 1% (w/v) and a 1,1,2,2-tetrachloroethane-d 2 solvent was used. A total of 640 scans with 32k data points were recorded with a relaxation delay of 2 s.
Differential scanning calorimetry (DSC)
The thermal properties of neat pCBT and NCOmodified pCBT samples were determined by differential scanning calorimetry using a Perkin Elmer Pyris 1 device under nitrogen atmosphere. Compression moulded samples were heated from 30 to 250ºC at a heating rate of 10ºC/min, followed by an isothermal step of 3 minutes and then cooled from 250 to 30ºC at a rate of 10ºC/min. The sum of both melting enthalpies %H m1+2 of the second heating run was used to calculate the degree of crystallinity ! %H of the samples according to Equation (1):
The melting enthalpy %H 0 m of fully perfect crystalline PBT is found in to be 142 J/g according to literature [13, 16] .
Tensile tests
The tensile properties were determined according to ISO 527 at room temperature and at a crosshead speed of 10 mm/min on a Galdabini Sun 2500 (Galdabini, Italy) tensile testing machine. The strain was measured using a video extensometer. Type 1BA specimens were die cut from the above described compression moulded pCBT/NCO films. Presented values were averaged from a minimum of five spec-
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Scanning electron microscope (SEM)
The morphologies of unmodified and NCO-modified pCBT were analyzed by SEM. Tensile test specimens were submerged in liquid N 2 and equilibrated for 15 min. The specimens were quickly extracted and cryo-fractured by bending. The fracture surfaces were then sputter coated with a thin gold layer using a Bal-Tec SCD005 Sputter Coater. SEM analysis was performed on a Jeol JSM-5610 scanning electron microscope and an acceleration voltage of 10 kV was used.
Results and discussion
Isocyanates are well known to readily react with compounds that bear active hydrogen. The classical reaction in polyurethane chemistry is the reaction of an isocyanate group with an alcohol group where a urethane group is formed. The reactivity depends mainly on the chemical structure of the employed isocyanate and it was found that aromatic isocyanates are more reactive than aliphatic ones [33, 39] . Urethane bonds are thermally unstable and can dissociate at high temperatures. The decomposition temperature depends on the structures of the isocyanate and alcohol used. Generally, the higher the reactivity of the isocyanate-alcohol system, the lower the thermal stability of the formed urethane.
The thermal stabilities of urethanes as reaction products of different isocyanate-alcohol systems are as follows: alkyl isocyanate-alkyl alcohol (250ºC) > aryl isocyanate-alkyl alcohol (200ºC) > alkyl isocyanate aryl alcohol (180ºC) > aryl isocyanate-aryl alcohol (120ºC) [40] . According to this sequence, the thermal stabilities of pCBT-isocyanate systems are expected to be in the range of 200-250ºC. Due to their high reactivity, the isocyanate groups can also react with carboxyl end groups leading to amide groups and carbon dioxide as by-product. Amide bonds are thermally more stable than urethane or ester bonds due to their partial double bond character [41] . Secondary reactions with excess isocyanate and the previously formed urethane and amide groups can occur, resulting in allophanates ( Figure 2 ) and ureas (Figure 3 ), respectively. Additionally, isocyanurates can arise from trimerization of isocyanate as well as from the reaction of allophanate and excess isocyanate. These secondary reactions lead to branching and finally to crosslinking of the polymer [27, 33, 36, 39, 40, 42] . The kinetic rate constants of allophanate, urea and isocyanurate formation are much smaller than the ones of urethane and amide formation [39] , and it is well known that these reactions are only favored at higher concentrations of isocyanate groups.
Torque versus time measurements
A chain extension reaction of (growing) pCBT chains and a bi-or polyfunctional chain extender causes an increase in molecular weight due to the coupling of multiple pCBT chains onto a chain extender molecule. This results in an increase in viscosity with reaction time. The ring-opening polymerization and the chain extension reaction were initially carried out in a Brabender batch mixer for a prolonged time (60 min) in order to visualize the torque/time signal, which is taken as an indicator for the viscosity evolution. The torque evolution is only shown for 15 min. The optimum polymerization times were chosen from these graphs, as will be explained below. The torque curves are depicted in Figure 4 ; the maximum torque values and the corresponding times to reach the maximum torque are given in Table 1 . The torque signal of neat CBT was first detected after 2 min which was considered to be the onset of the ROP. Before this time the melt viscosity of the molten CBT was below the detection limit of the measuring system. The torque curve reached a plateau after 9 min at ca. 6 Nm. Then it slowly increased and reached a maximum of 8 Nm after ~41 min. After reaching the maximum, the torque decreased to 7 Nm after 60 min probably due to thermo-mechanical degradation.
Regarding the CBT/NCO blends, apparently all three types of isocyanates act as promoters for the ring-opening polymerization when they are used in small concentrations (until 0.5 wt%,) because the onset of the torque signal appears earlier (Figure 4 ). The aliphatic HDI was the most effective promoter when 0.5 wt% was used, showing an onset of only 30 s (c.f. Figure 4b) . However, higher isocyanate contents (> 0.5 wt%) result in an increase of the onset time as well as of the time to reach the maximum torque value (Table 1) . A remarkable increase in torque can be seen for all blend compositions, confirming the chain extension reaction. The highest torque value was observed with aromatic MDI at a concentration of 0.75 wt%, probably due to the higher reactivity of aromatic isocyanates compared to aliphatic ones. When only 0.25 wt% chain extender was used, a single torque maximum was observed. At higher isocyanate concentrations a second maximum appeared. This may be due to intermediate reactions, i.e. an initial urethane formation corresponding to the first maximum, subsequently followed by urethane dissociation into isocyanates and hydroxyl groups, leading to a torque decrease and finally amide formation, resulting in the second torque maximum. This urethane dissociation during processing will be discussed in detail in the NMR section. After prolonged processing times (> 10 min), all curves decreased to an average value of ~17 Nm after 15 min. This suggests that an equilibrium was reached and all blends, regardless of their isocyanate content, exhibited a similar molecular weight. Raffa et al. [32] came to a similar conclusion working with recycled PET and its chain extension with diand multifunctional isocyanates. They found a plateau value of both molecular weight and melt viscosity above a threshold amount of isocyanate and ascribed this stationary condition to a mutual compensation of chain extension and degradation processes. It is apparent from Figure 4 that higher isocyanate concentrations require a longer time to fully react. The peak of the torque curve was considered as the highest molecular weight of the formed pCBT/NCO. Therefore a polymerization time of 4 min was chosen for blends containing 0.25 and 0.5 wt% isocyanate, whereas neat CBT and blends with isocyanate concentrations of 0.75 and 1 wt% were polymerized for 7 min. The two dashed vertical lines in Figure 4 represent these selected polymerization times 4 and 7 min. Fresh CBT/NCO blends were polymerized in the batch mixer under the same conditions for 4 and 7 min, respectively. A gel-like texture was noticed in pCBT/PMDI samples with higher isocyanate concentrations when the materials were collected from the mixing chamber, therefore the gel content was determined.
Gel content
The insoluble part of the NCO-modified pCBT samples was determined by dissolution, centrifugation, washing and filtration; the results are compiled in Table 1 . Samples modified with bifunctional MDI or HDI were completely soluble, suggesting a linear chain structure. Only samples containing polyfunctional PMDI showed gel formation, namely 2.2 and 1.2% insoluble content for 0.5 and 0.75 wt% PMDI concentration. The highest insoluble content of 31.5% was observed for 1 wt% PMDI content. Note that gelling was only observed in samples after insitu polymerization in the batch mixer. All compression moulded samples were completely soluble for NMR analysis. This leads to the assumption that 
NMR
Proton NMR analysis was used to determine the chemical structures of pCBT and chain extended pCBT obtained from compression moulding. The structures and corresponding spectra are shown in Figure 5 .
In the spectrum of neat pCBT, the signal at 1.9 ppm is assigned to shielded methylene protons, the triplet at 3.7 ppm corresponds to methylenes attached to terminal hydroxyl groups (-CH 2 OH), the peak at 4.4 ppm is assigned to oxymethylene protons and the one at 8.0 ppm is assigned to the aromatic protons. isocyanate reacted then with the pCBT terminal -COOH groups, forming thermally stable amide groups and liberating CO 2 .
Further proton NMR experiments were performed to clarify this assumption and to see the influence of the compression moulding step on the chain extension reaction. Two chain extended samples which contained 1 wt% HDI were analyzed, before and after compression moulding. The corresponding spectra with peak assignments are depicted in Figure 6 . It can be seen that the sample before compression moulding showed higher intensity for the peaks at 3.1 and 4.1 ppm assigned to urethane, compared to the sample after compression moulding. Moreover, the triplet at 3.7 ppm assigned to hydroxyl end groups and the peaks assigned to amide groups (3.4, 6.2 and 7.8 ppm) increased after compression moulding. This supports the assumption that during compression moulding the urethane groups dissociated into isocyanate and hydroxyl end groups, the former subsequently reacting with pCBT carboxyl end groups. Apart from the above mentioned effect, the increase in hydroxyl end groups is believed to be also caused by hydrolysis to a certain degree during compression moulding in ambient atmosphere. Therefore it can be concluded that the predominant reaction mechanism of pCBT and isocyanate is amide formation, although some urethane groups were detected in pCBT/HDI samples. The amount of formed urethane is less than 10% for pCBT/HDI but this is difficult to quantify for samples containing aromatic isocyanate due to signal overlapping.
Thermal properties
The thermal properties of compression moulded pCBT and pCBT/NCO samples were assessed by DSC analysis; the results are depicted in Figure 7 and Table 2 . The observed trends are similar for all three types of used isocyanates, thus only the second heating scans of pCBT/PMDI are shown as representative sample series. Unmodified pCBT shows a minor melting peak at 215°C and a major peak at 224°C, typical for polyesters and ascribed to the recrystallization and melting of imperfect crystal structures [22] . The degree of crystallinity was calculated from the sum of both melting enthalpies and was found to be 36%. During the cooling scan the crystallization peak was observed at 193°C. Regarding isocyanate modified pCBT samples, a general depression of crystallization and melting temperatures and their corresponding enthalpies can be observed (Table 2 ). Both melting temperatures decreased up to 3°C and crystallization temperatures reduced up to 6°C. The crystallinity was most effectively decreased (about 7%) when 0.75 wt% PMDI was used. Torres et al. [33] , Zhang and coworkers [43] and Raffa et al. [32] modified recycled PET with di-and polyfunctional isocyanates and observed a similar tendency. This depression is due to the amide and urethane groups which form in the isocyanate reaction. These groups along the pCBT backbone disturb the chain symmetry and regularity and hence the crystallization rates are decreased, resulting in a decreased crystallinity and hence a higher toughness. Another consequence of the disturbed chain symmetry is a reduced lamellar thickness which leads to a decrease in melting temperature [33, 43] . No obvious tendency of the isocyanate modification on the glass transition of pCBT can be found, although most samples exhibited a slightly decreased T g (1-2°C), indicating an increased chain mobility.
Tensile properties
The mechanical properties of compression moulded samples were assessed by tensile tests and the results are shown in Table 1 and Figure 8 . Unmodified pCBT is brittle and fails at ~8% elongation at Table 1 ). In the case of polymeric isocyanate a maximum failure strain (27-fold increase) was found for 1 wt% PMDI. Toughness is better described by the strain energy calculated from tensile curves than by ultimate strain. Regarding the toughening effect by means of strain energy, the best result was obtained with 0.75 wt% HDI. But since PMDI was more effective over a wide NCO concentration range (0.5-1 wt%, see Figure 8 ), it appears to be the better toughening agent. Stiffness and strength decreased about 10% when samples contained the optimum amount of 0.5 to 1 wt% isocyanate. This decrease is small compared to other toughening methods like copolymerization and consistent with the marginal amount of isocyanate added. When these NCO-modified materials are employed, for instance in continuous fiber reinforced composites, the decrease in matrix stiffness will be compensated by the fibers. Additionally, the excellent toughness of isocyanate-modified pCBT may considerably increase the impact strength of composites.
SEM
In comparison to neat pCBT, pCBT/NCO samples were more difficult to break cryogenically. Therefore, small notches of ca. 2 mm depth were inserted with a razor blade on both sides of these specimens prior to cryo-fracture in order to ensure a brittle fracture. The micrographs of neat pCBT and pCBT/ NCO 0.75 wt% are depicted in Figure 9 . In all cases a single phase was observed and no signs of phase separation or incomplete reaction between pCBT and isocyanate could be found, indicating that the isocyanate had fully reacted with CBT which was also demonstrated by NMR. Moreover, no micronsized plate-or prism-like crystals of unpolymerized CBT were detected, indicating a high degree of conversion of CBT to pCBT [14, 25] . Unmodified pCBT shows a smooth and uniform fracture surface. The small crests that are visible in Figure 9a are attributed to the rapid propagation of the crack during the fracture at low temperature that caused the crack front to oscillate. The detail at higher magnification ($10 000) clearly shows the absence of localized plastic deformation, indicating the brittle nature of unmodified pCBT (see detail of Figure 9a ). Similarly, all modified samples fractured in a brittle manner (c.f. Figures 9b-9d ), as expected due to the presence of notches and the low temperature used. Nevertheless, a somewhat rougher fracture surface compared to neat pCBT can be observed. This granular, rough structure is the result of the fracture of localized stretched matrix, as can be well observed at higher magnification [44] . This may indicate a certain amount of plastic deformation on a micrometer scale.
Conclusions
Cyclic butylene terephthalate oligomers were reacted in a ring-opening polymerization with three types of isocyanates: a bifunctional aromatic type, a bifunctional aliphatic type and a polymeric aromatic isocyanate. All reactions took place in a batch mixer. The isocyanate-modified samples showed a considerable torque increase compared to unmodified CBT, suggesting a higher molecular weight. Gel content measurements prior to compression moulding indicated a linear chain structure for the two bifunctional isocyanate-modified samples, whereas the polyfunctional PMDI-modified pCBT exhibited considerable gel formation at higher NCO contents. All compression moulded samples were completely soluble, indicating that the crosslinked structures in pCBT/PMDI samples changed to linear or branched structures during this second melting. Proton NMR analysis showed that the dominant chain extension reaction mechanism is the formation of thermally stable amide groups. NMR further indicated that pCBT/NCO samples before compression moulding contained more urethane groups, compared to samples after compression moulding. Moreover, the number of hydroxyl end groups and amide groups slightly increased after the compression moulding step. This supports the assumption that the urethane groups dissociated at the processing temperature into isocyanate and hydroxyl end groups, the former subsequently reacted with pCBT carboxyl end groups. DSC analysis revealed a general depression of melting and crystallization temperatures as well as degree of crystallinity. This decrease in crystallinity accounts for the toughening effect of isocyanates. A 22-fold to 28-fold increase in elongation at break was observed in tensile tests when the pCBT contained 0.75 to 1 wt% isocyanate. The highest toughness by means of strain energy was obtained with 0.75 wt% HDI. The most effective toughening agent was PMDI because it showed good toughness from 0.5 to 1 wt% NCO content. Stiffness and strength generally decreased about 10%. The fracture surfaces of isocyanate-modified samples exhibited a network-like fibrillation in a SEM analysis, indicating plastic deformation on a micrometer scale. It can be concluded that a toughened pCBT can be obtained when 0.5 to 1 wt% isocyanate is added to the ring-opening polymerization of CBT. 
